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OF REVOLUTION AT FKEE-STREAM MACH NUMBERS

.’ OF1.62, 1.93, AND2.41

By Robert M. O‘Donnelland Russell W. Mclkarmon

*

h investigationwas made at free-stream Mach nmk=ers of 1.62,
1.93, a@ 2.41 to determine the effects of a pre det W secox
air flow on the base pressure and pressures acting over the Ix3attail
surface of a body of revolution for two secondary discharge areas.
The Mach nwnbers of the primary nozzles were 1 and 3.23 with the
secondary mass flow being varied frcm O to 10 percent of the primary
mass flow. The ratio of jet stagnation temperature to tunnel stagna-
tion tempemture was about 0.96. The Reynolds nunber range of the

investigationwas frmn2.lx 106 to 2.9x 106 based on body length.
AIL testing was conducted with a turbulent boundary layer along the
model.

~s report presents results obtained witha zero-length ejector
and covers jet static-pkessureratios from the jet-off condition to a
maximm of about 128 for the sonic nozzle and to a maximm of about 9
for the supersonic nozzle.

INTRODUCTION

lkny experiments (for example, refs. 1 to 6) have shown that a
propulsive jet can affect the afterbody and base pressures considerably
when it is being discharged through the base
However, comparatively lJttle is @own about
effects when a secondary or cooling air flow

of a bcd.yof revolution.
the magnitude of these
is operated in conjunction
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with the primary jet flow. The small smount of data presently available
on the subject appears to be that from the investigations of refer-
ences 3 and 4.

13ecalmeof this lack of experimental information and the inherent
difficulties in a theoretical analysis, the present investigation of
the effects of secondary air flow was undertaken. In view of the lack
of experimental data for higher jet static-p~ssure ratios - of the
fact that some present-dsy rocket-powered research aircraft operate at
pressure ratios greater than 30 (future aircraft will probably operate
at considerably higher ratios), the present investigationwas made over
a wide range of jet static-pressureratios. The jet static-pressure
ratio was varied from the jet-off value to a mdmum of about 128 for
the sonic nozzle and from the jet-off value to a mudmum of about 9
for the supersonic nozzle.

This investigation is part of a general program to investigate
various ejector lengths. For each ejector length the v~iables are
free-stream Mach number, primary jet Mach number, secondary exit diam-
eter, and secondarymass flow. The results presented herein were
obtained from a zero-length ejector.

SYMBOLS

D

d

H

L

M

P

P

~

w

x

z

diameter, in.

secondary diameter of shroud, in.

total pressure of secondary air flow, lb/sq in.

total length of jet model, in.

free-stream Mach number

P - Ps
pressure coefficient,

~

static pressm, lb/sq ti.

free-stream dynamic pressure, lb/sq in.

ratio of secondary mass flow to primary jet flow

axial distance measud frcm model nose, in.

axial distance measured from model base, in.

.
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Subscripts:

B base of model

J primary jet

B free-stream condition -

Al?mRmJs

wind ‘rlmnel

All tests were conducted in tl+eLsmgley g-inch supersonic tunnel,
which is a continuous-operatirm,closed-circtittype in which the pres-
sure, temperature, and humidity of the enclosed air can be regulated.
Different test Mach numbers are provided by interchsmgeablenozzle
blocks which fomn test sections approximately 9 inches square. Eleven
fine-mesh turbulence-damping screens are instedled ahead of the super-
sonic nozzle in a settlhg chamber of relatively large area. A
schl.ienn optical system is provided for qualitative flow observations.

Mdel and Auxiliary Apparatus

A sketch of the model used in the present investigation is shown
in figure 1. The model body was 8.25 inches long amd was constructed
entirely of stainless steel. It consisted of a 20° conical nose, a
cylindrical center section, and two interchangeableafterbodies of
identical profiles. As shown in figure 1, the afterbodies had
circular-arc boattails with a slope at the base of approximatefi 22°.
This high degree of boattaili.ngwas adopted to simndate genemddy the
trend in boattailing of msmy existing and proposed aircraft. The model
afterbodies or shrouds had, within machining accuracy, the same.external .
ordinates and differed only in their secondary discharge areas. The
exit Mach nmnber of the primary jet was varied from sotic (M = 1) to
supersoiiic(M = 3.23) by the insertion of the supersonic nozzle through
the sonic nozzle and into the primary stagnation chaniber. ‘I!&edge of
the ‘supersonicnozzle was sealed with solder to prevent leakage. Since
the supersonic nozzle was tapered to a sharp edge at the exit, both
nozzles had essentially the same exit area. Air was supplied to the
supersonic nozzle through slots that were located longitudiiy along
the cylindrical portion of the nozzle insert.

The model was mounted from the tunnel sidewalls by the use of two
. wing struts. High-pressure air was supplied to the primary stagnation

chsmber by means of one wing strut constructed entire~ of tibing and

—-— - —.—.- ——. — . -....—..——— -—
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silver solder and faired to a circular-arc cross section. The air to
the secondary was supplied through the other wing strut in the same way
except that part of this wing was used as an instrumentation conduit.
The total temperature of the air in the model stagnation chsmber was
about 80° F, whereas that of the tunnel was appro-tel.y 100° F.

Pressure distributions were measured over the boattail by means of
static-pressureorifices that were located as shown in figure 1. Ease-
pressure orifices were located at ~ intervals around the annuli of
both shrouds with two of the four’orifices h line with the wing struts.

TESTSAND PROCEDURE

Tests were conducted at free-stream Mach numbers of 1.62, 1.93,
and 2.kl,with a stagnation pressure of approximately 1 atmosphere; the

correspond@ Reynolds number mmge was from 2.1 x 106 to 2.9 x 106
. based on body length. The dewpoint of the tunnel was kept sufficiently

low in order to insure negligible condensation effects.

All.testing was done at @ sngle of attack and with a turbulent
boundary layer along the tiel. The latter was accomp~shed by use of a

l/8-inch salt band placed approximately l; inches from the model nose.

(See fig. 1.)

The afterbody and base pressures were recorded for both shrouds
for the jet-off condition and up to primary jet static-pressureratios
of about 128 for the sonic nozzle sad about 9 for the supersonic nozzle.
Examination of the data revealed that the support struts had no appar-
ent effect on the base pressure and, hence, an average value obtained
from the four orifices was used.

Primary total.pressures, measured by means of a calibrated total-
pressure tube placed in the stagnation chamber ahead of the nozzle,
were recorded on a mercury manometer for values less than m lb/sq in.
and on precision gages for higher values. Jet static pressures were
calculated from the measured total pressures on the basis of the etit
Mach number as detez@ned fran the measured area ratio. Primary mass
flows for both nozzles were calculated by using the measured total
pressure and assming the nozzle to be choked at the minimum area.
Secondary mass flows of O to 10 percent of the primary mass flow were
measured directly by means of calibrated‘rotameters.

.

.
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Model .alinementwas maintained within N.l” of zero”pitch and yaw
with respect to the tunnel center line. Based on past surveys of the
stresm, the free-stre~ Mach nuaiberis accurate to within +0.01, whereas “
the base pressure coefficient is accurate to within approximately N.003.

Secon@ym ass-flow ratios are esthated to be within tO.2 percent,
whereas total recorded pressures in the jet model are accurate to within
ti.01 inch of mercury for pressures less than 50 lb/sqin. and tO.50 inch
of mercury for pressures greater than ~ lb/sq in.

.

RESULTS AND DISCUSSION

Experimental and theoretical boattail pressure distributions are
first compared for the case of no jet flow. The rest of the discussion
is then divided into two parts: the first part concerning the sonic
nozzle, and the last the supersonic nozzle. Each part consists of the
primary and secondary jet effects on pressures act@ over the base and
boattail.

No Jet

Experimental boattail pressure distributions for both shrouds are
canpamd with those obtained by the method of characteristics (15-point
calculation) in figure 2 for free-stream Mach nmbers of 1.62, 1.93,
@ 2.41. With the exception of those points lying in the regions of
separated flow, the agreement between experiment and theory is consid-
ered good.

The difference in pressure distribution between the shrouds is
probably associated with small changes in separation caused by the
slightly different external shroud contours and orifice installations.
However, these construction differences are within the machining accu-
racy of duplicating the shrouds and are not expected to affect the
final reiults.

Sonic Nozzle

Base pressum.- Figure 3 illustrates the effects of the secondary
mass flow and jet static-pressureratio on pressures acting over the
annular base of the first shroud (d/~ = 0.82). Wse pressm Coeffi-
cients correspondhg to no primary or secondary flow are denoted by small

-. arrows on the ordinates.

},
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For the lower jet static-pressureratios, the effects of the
primary jet alone on the base pressure are substantiallythe same as,
those observed in references 2 and 3 which cover jet static-pressure
ratios up to about 9. hitially, there may be a base-pressure increase
from the no-flow valqe, such as that measured at M = 1.62. Then a
reduction in base pressure occurs until a minimum base pressure coeffi-
cient is reached at p

2P
= 2. There is then an increase in base

pressure with jet stat c-&essure ratio, with the base pressure coeffi-
cient attaining positive values. This type of variation has been dis-
cussed in references 2, 3, 7, 8, and 9 where the mechanism, by which
the primary jet alone varies the base pressure, has been explained in
terms of base bleed at very low jet static-pressureratios and by the
concept of the critical pressure-rise coefficient for higher pressure
ratios. A typical fuU-size schlie~n photograph is first presented
in figure 4 in order to clarify sane details of the flow phenmena.
Schlieren photographs of the sonic jet alone operating at different
static-pressureratios and a free-stream Mach number of 1.62 are given
in figure 5. The increases in base pressure due to the secondary flow
are apparently brought about by the inabildty of the primary jet to
maintain its scavenging effect upon the base and at the same time
transport the increasing mass of secondary air. No suitable explana-
tion has been found for the decrease in base pressure with the addition
of secondary flow that occurs for some pressw ratios at M = 2.41 or
for the decrease obsened with the primary alone at very high jet static-
pressure ratios.

Figure 6 illustrates the effects of secondary mass-flow of the
second shroud = o.~{q% ) on the base pressure. It should be noted

that the base pressures on the second shroud due to secondary flow are
lower than those of the first shroud. However, secondary mass-flow
effects ere, in general, qualitatively the same for both shrouds at all
free-stream Mach nunibers. At all l&ch nmbers it appears logical to
expect that, for a given secondary mass flow and jet static-pressure
ratio, the base pressure for the smaller secondsxy annulus area (second
shroud) would be.less than that for the larger secom annulus area
(first shroud), since the exit velocity of the secondary flow is greater
for the smaller secondary annulus area.” For a given secondary annulus
area and jet static-pressureratio, increasing the secondarymass flow
would also increase the exit veloci~ of the secondsry flow; however, the
experimental results indicate that this increase in veloci~ is apparently
offset by the increased mass of secondary air introduced in the vicinity
of the base and by the inability of the scavenging action of the jet and
outer stream to transport this additional.mass downstream. For a given
jet static-pressureratio but different secondary annulus areas, it is
possible to have a secondsry exit velocity for the &’ger secondary annu-
lus area that is equal to the secondary exit velocity for the smaller
secondary annulus. Hbwever, such conditions require a secondary mass

&&.&.&’. -
co~> .
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flow from the larger secondary annulus that is much greater than that
for the smaller secondary annulus; consequently, the base pressure for
the larger annulus area would be expected to be higher for the reasons

, previously given. For both shrouds and at all Mach numbers, the geater
part of the effect of secondary mass flow on base pressure occurred when
the mass flow was increased fromno flow to 2 percent of the primary
flow.

Although the primary-alone data are obtained from the first shroud,
the lower base pressures on the second shroud at M = 2.41 could not be
attributed to a difference in constmction, because the base pressures
show good agreement when the primary and secondary flows are not operating.
Also, from unpublished data, it has been found that any small initial
base-pressure difference is for the most part eliminated when the jet is
operated. Again, no explanation couldbe found for the reductions caused
by the secondary flow at M = 2.41.

Boattail pressure distribution.- The effect of the primary jet and
mass flow on the boattail pressures of the first shroud

&G~3 is shown in figure 7 for free-stream Mach numbers of

i.62, 1.93, “snd2.41, respectively. A comparison of these figures with
the no-jet-flow case of figure 2 shows that the effect of the primary
jet aloti at M = 1.62 and 1.93 is, in general, to decrease the rear-
ward boattail pressures at the lower static-pressureratios and then to
increase these pressures as the jet static-pressure ratio is increased,
withan accompanying forward movement of the separation point. ‘IW
primary jet alone at M = 2.41 appeared to increase the rearward boat-
tail pressures as the jet static-pressure ratio was increased. These
variations in the boattail pressures are similar to the variation in
base pressm discussed previously.

At free-stresm Mach nunbers of 1.62 W 1.93, the effects of the
secondary flow when operating with the prm jet are to increase the
rearward boattail pressures and, in general, to cause the separation
point to move slightly further forward. Secondary mass-flow effects
at M = 2.41 over the boattail are small and irregular at the lower
pressure ratios. At the highest jet static-pressureratio, a substan-
tial increase in the rearward boattail pressures occurred.

Schlieren photographs of the flow obtained with increasing mass-
flow ratios.and when the rearward boattail pressuRs were increasing
are presented in figure 8 for a free-stnsm Mach number of 1.62 and a
jet static pressure ratio of 4.65. l?ramthe photographs it can be
seen that the boundary layer separates over the rearward part of the
boattail. Therefore, since the reannost boattail orifices lie in a
separated region that also includes the base, the base pressure and the
rearward boattail pressures ticrease simultaneously.

_ __ __ ____________._ _. ____ .—.—-— .. .. . ...— .-
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The increased boattail pressure rise due to the secondary flow is
,

probably a result of the higher pressure of the secondsry air bleeding
through the already separated region over the boattail and of the reduced
induction effects of the primary jet on the boattail brought about by

.

the inability of the primary jet to maintain these induction effects
while transporting tti increasing mass of secondary air.

Figure 9 shows the effects of the primary and seco
?;;: :,3).the boattail pressure distributions of the second shroud

(It should be noted here that the primary-alone distributions are those
of the first shroud since no primary-alone tits were obtained for the
second shroud.) As can be seen frcnnfigure 9(a), the effect of the
secondarymass flow at M = 1.62 is to increase the rearward boattail
pressures and in some cases to cause a slight movement of the separa-
tion point. The action of the secondary mass flow on the pressures
nearest the base at M = 1.93 (fig. 9(b)’)is to lower them at the
lowest pressure ratio ad thento increase them progressively as the
pressure ratio is increased with an accmpanyhg slight forward move-
ment of the separation point. At M = 2.41 (fig. 9(c)), the secondary
mass flow decreased the rearward boattail pressures at the lower jet
pressure ratios and increased them above those obtained with the
P- Set ope~t~ done at the l@@st pressure ratio (104.4).
Schlieren photographs illustrating the secox-flow effects with the
second shroud at a free-stream ~ch number of 1.62 and a set static-
pressure ratio of 3.10 are given in figure 10.

Supersonic Nozzle

Base pressure.- The variation of base pressure coefficient on the
first shroud with jet static-pressureratio and secondary mass-flow
ratio is shown in figure 11 for all free-stream Mach numbers. When
compared with the sonic nozzle it was found that the supersonic nozzle
aspirated the base annulus to a lower minimum pressure, very likely
because of its higher jet-boundaryvelocity. After reacldng a minimum
value, the base pressure then followed the same trend as the sonic
nozzle. The reason for the increase in base pressure due to the addi-
tion of the secondary mass flow has been discussed previously with
regti to the sonic nozzle. Sc~eren photographs illustrating the
supersonic nozzle operatimg alone at a free-stream Mach number of 1.62
and at various pressure ratios are presented in figure 1.2.

Figure 13 presents base pressures measured on the second shroud with
the primary jet flow and secondary mass flow. As in tests with the first
shroud, the addition of secondary mass flow increased the base pressures
substantiallyat all jet static-pressureratios. However, the increases
in base pressure on the second shroud due to secondary mass flow are less

—
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than those of the first shroud. The reasons

-9

for this have been explained
previously in the discussion of the results for the sonic nozzle. -

Boattail pressure distribution.- Afterbody pressure distributions
for the first shroud (d/~ = 0.82) are -presentedin figure 14 for free-

stream Mach numbers of 1.62, 1.93, and 2.41,,respectively. Comparison
of the pressure distributions of figure 14 with those of figure 2 shows
that the effect of the supersonic nozzle when operating alone is to
decrease the rearward boattail pressures at almost all jet static- “
pressure ratios. Apparently, the high velocity of the jet boundary
produces a large induction effect upon the flow over the rearward
portion of the boattail, thereby reducing separation and decreasing
the re-arwardboattail press-s.

The addition of secondary mass flow with its lower energy air
reduces the induction effects of the primary jet and causes the rear-
ward boattail pressures to increase. Some pressures obtained at the
higher jet static-pressureratios become, as might be expected, larger
than those of the no-jet-flow case. SchMeren photographs are presented
in figure 15 for a free-stresmMach nuriberof 1.62 in order to illus-
trate the flow of the supersonic nozzle with various secondary mass-
flow ratios. It is interesting to note that a propulsive jet exhausting
from the base of a body of revolution may, in practical application, be
separated from the supersonic external stresm by a subsonic mfing zone.
This is evidenced by the fact that the shocks that arise within the jet
do not pass through the mixing zone into the outer stream and by the
tendency of the jet to exhibit periodic structure.

Eoattailpr&sure distributions for the second shroud (d/~ =0.73)

are presented in figure 16 at free-stream Mach nunbers of 1.62, 1.93,
and 2.41, respectively. Secondary mass-flow effects at a Mach number of
1.62 for this shroud are the same as those of the first in that the
secondary mass flow increases the rearward boattail pressures over that
of the jet alone. Secondary mass-flow effects are different, however,
at the two higher Mach numbers of 1.93 and 2.41. At a Mach nwuber of
1.93, the addition of a secondary mass flow $rom the second shroud
caused pressures at the most rearward orifice to increase at all.jet
static-pressureratios and caused some forward pressures to decrease
and approach the theoretical jet-off press-s at the lower jet static-
pressure ratios. At a Mach number of 2.41, the secondary flotiincreased
the rearward pressun2s at the higher jet static-pressureratios only and
decreased some forward pressures at the lower jet static-pressureratios.
An inspection of schlieren photographs obtained at lower jet static-
pressure ratios revealed the presence of a shock wave originating on the
rearward part of the boattail. When the secondary mass flow was operated,
there appeared *O be a downstream movement of the shock wave accompanied
by a reduction in the forward pressures and &a of sepamtion over the

.— —
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boattail. E!&ause of this reduction, some forward pressures more nearly
approached that obtid by the method of characteristics. Schlieren
photographs obtained at M = 1.62 for the supersonic nozzle operating
at a pressure ratio of about 0.92 together with secondary mass flow are
presented in figure 17. At the higher secondary mass-flow ratios the
jet structure and pattern in the ticinity of the secondary annul.us
shows similarity to the patterns observed in reference 10 for adjacent
jets exhausting supersonically. A rough estimation based upon measured
total and static pressures of the secondary flow indicated that the
secondaxy annulus may be choked at the higher secoq mass flows and
operate as an annular sonic @t.

Secondary Mass Flow Only

Ease pressure.- JHgure 18 presents the effects of the secondary
mass flow slone on the base pressure of both shrouds. These effects
are similar to those of refe%nce 7 k that the base pressure reaches
a maxim.m when the secondary total-pressure ratio is near 1 and then
decreases as the secondary pressure and mass flow is increased. It
should be noted here that at the higher rates of mass flow the second-
ary smnuli of the shrouds operated as an annibr sonic nozzle.
Schlieren photographs ilhstrating secondary
given in figure 19 for the first shroudat a

Boattail.pressure distribution.- Figure
secondarymass flow on the boattail pressure
shrouds . Ikcause of the erratic behavior of
difficult to draw any geneti conclusions as

alone flow conditions are
Mach nwaber of 1.62.

20 shows the effects of
distribtiions of both
these distributions it is
to the effects of secondary

flow alone other than that they are more pronounced at M = 1.62.

CONCLUSIONS

An investigationhas been made at free-stresm Mach nmbers of 1.62,
1.93, and 2.41 to detendne the effects of primary and secondary air
flow on the base pressure and pressures acting over the boattail surface
of a body of revolution for two secondary discharge areas. From the
results of the investigationthe following conclusions are indicated:

sonic Nozzle

1. For the lower jet static-pressureratios, t& effect of the
primary jet alone on the base pressure was the same as that described
in NACARME511’26 which covers jet static-pressureratios up to about 9.
At higher jet static-pressureratios the trend at these lower pressure
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ratios contihued, but at very large jet static-pressureratios the base
pressww began to decrease.

2. The addition of a secondary mass flow caused the base pressure
to increase for both secondary discharge areas at Mach nunbers of 1.62
and 1.93 but decreased the base pressure in some instances at a Mach
nuuiberof 2.41. At all Mach numbers the greater part of the effect of
secondary mass flow on base pressure occurred when the mass flow was
increased from no flowto 2 percent of the primary flow.

3. At free-stream llachnumbers of 1.62 andl.93, the primary jet
alone first decreased the reakward %oattail~ressures tidthen increased
them as the jet static-p=sswre ratio was increased. Ebwever, at a free-
stream Mach number of 2.41j the primary jet alone increased the rear-
ward boattail pressures at all jet static-pressureratios.

4. For the larger secondary discharge area, the &arward boattail
pressures were increased at Mach nmbers of 1.62 and 1.93 by the addi-
tion of the secondary mass flow. At a Mach number of 2.41, the effects
on the boattail pressures due to secondarymass flow were small and
irregular. For the smaller secondary discharge area, rearward boattail
pressures were increased at a Mach nunber of 1.62 by the addition of
the secondary mass flow. At free-stmssm Mach9umbers of 1.93 and 2.41,
however, the secon~ flow l?irstdecreased the rearwsxd pressures W
then increased them as the primary jet static-pressureratio was
increased.

Supersonic Nozzle

1. The effect of the primary jet alone at the low jet pressure
ratios is to decrease the base pressure to a lower minimum value than
that of the sonic nozzle. After the minimum value is reached, the trend
is the ssme as for the sonic nozzle as the jet pressure ratio is
increased.

2. The addition of secondary mass flow caused -the”basepressures to
increase for both seconds@ discharge areas at .allMach nunbers, with
the greatest increase being obtained with the larger secondary discharge
area.

3. The primary jet alone caused the rearward boattail pressures to
decrease at the lower primary jet static-pressureratios.

4. For the larger secondaq discharge area, tk rearwsrd boattail
press~s were gene- increased at all Mach nmbers by the addition

r of secondary mass flow. For the smaller secondary discharge area, the

addition of secondary mass flow caused the rearward boattail pressures

.. ..__._ . .._ ..——. .— —.—.- ..——— —.—. ..— .—.— —-—-—
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to increase at all jet static-pressure ratios at Mach numbers of 1.62
and 1.93 only. At Mach numbers of 1.93 and 2.41, some forward pressures
were decreased at the lower jet static-pressureratios.

Iangley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Iangley Field, Vs., September 14, 1954.

— —._——— ——

1

.



NACA RM L54122

— —

13

1. Love, Eugene S.: Aerodynamic Ihvesti&tion of a Parabolic Eody of
Revolution at Mach Num%er of 1.92 and Some EPfects of an Amnular
Jet Exhausting Fran the Base. NACA RM L9K09, 1950.

2. Cortright, Edgar M., Jr., and Schroeder, Albert H.: Investigation
at hch Number 1:91 of Side and Base Pressure Distributions Over
Conical I?oattailsWithout and With Jet Flow Issuing From Base.
NACA RME5M?26, 19519 .

3. Cortrightj Edgar M., Jr., and Kochendorfer, lFredD.: Jet EPfects
on Flow Over Afterbodies in Supersonic Stream. NACARME53H25,
1953.

4. Gorton, Gerald C.: Pumping and Drag Characteristics of an~rcraft
Ejector at Subsonic and Supersonic Speeds. NACA RME54D06, 1954.

5. E@leti, @tid W., Vargo, Donald J., and Cubbison, Robert W.: Effect
of Jet-Nozzle-ExpansionRatio on Drag of Parabolic Afterbodies.
NACAI?ME54B12, 1954.

6. De Moraes, Carlos A., and NowitzQ, AIbin M.: 12xperimentaJ.EYfects
of Propulsive Jets and Afterbody Configumtions on the Zero-Lift
Drag of Bodies of Revolution at a Mach Nuniberofl.59. NACA
mL54c16, 1954.

7. Cortright, EdgarM., and Schroeder, Albert H.: pre~ ~vesti-
gation of Effectiveness of Base Bleed in Reducing Drag of Blunt-
Base Bodies in Supersonic Stresm. NAcARME51A26, 1951.

8. Love, Eugene S.: “The Base Pressure at Supersonic Speeds on Two-
DimensionalAirfoils and Bodies of Revolution (With and Without
Fins) Having Turbulent Emndary Iayers. NACA RM L>3C02, 1953.

9. Coletti, Donald E.: Measurements smd Predictions of Flow Conditions
on a Two-Dimensional13aseSeparating a lkch Number 3.36 Jet and a’
Mach Number 1.55 Outer Stream. NACARML54C08, 1954.

10. Fraser, R. P., Connor, J. M., and Coulter, M. O.: The Measurement
of the Reaction of Convergent, Convergent-Divergentand ~verted
Nozz”lesat High Pressure. Ministry of Su@lyRep.,.l iuperial
College of Science (Imndon),M.O.S. EMRF’72/204, My 1946.

,

.

. --—— .—---—— — -—--— .—-— —- .——..— --–. — ——— .——---



b Chmwta’btlcs

shmKl d h d/OB

I 9A6 IV16 0.62

dc IKrzle 2 V2 IV16 L-173

-bP%=?P

{

%FWXdC tDRk (M=3)

m

I%Or Viw of bas+xe39ur3 Uific%

flow F -m
1.06

I 234 2 0.79

3 0.53

z
4 0.29

4M@ 5 0.06

4’
Orifka pxlths

- 1.- metch of mdel -1 wing SUPPOrtS. AIL MDRnaions are in tithes.



NACA RM L%122

O.shroudI) No primory or

❑ shroud 2 Secordory flow

— Metimd of chorocteristics

(a) M=I.62.
o B

6
-0?

\

-.08
\

FI
Q

-J 2
& \

-J 6

al - \

-24 \
\ _

-28 -

.- .
(C)M=2.41.

0

-04

-.08 $,
u

10 Cl

I : B’
–J I I I
-J 6 I I I I

M 28 90 9 2 94 “96 98 DO

Body %tion, ~

Figure 2.- Comparison of expertientil boattail pressure distributions of
. both shrouds with method of characteristicsfor free-stream Mach num-

bers of 1.62, 1.93, and 2.41.

-. .—— — —.— —- –———————————.-—–— ----



16

. PrkrmYEt only(shrcud1)

—

—

—
0:

Jet stotk-pfessutE K@ ~

Figure 3.- Variation of base pressure coefficient of first shroud
(d~ = O.82) with different values‘of primary jet pressure ratio
and secondary mass-fluw ratio.. sonic nozzle; M = 1.62> 1.93)
and 2.41. maws indicate base-pressure values for no primary
or secon~ flow.

.



3V

u

NACA RM L2122 ,.. 17

Model suppoI

(outside tl

Boattail sepal

shock

#

juncture of wing

edge and WCIII

at juncture of-wing

ng edge and wall

wave reflection

L-85662
Figure 4.- Typical full-size schlieren photograph illustrating the tun-

nel flow at a free-stream ~ch ntier of 1.62.

.

/
.- .—. . . . .. ..—— .—. — -—— — —— --—



18

.,

.—

r.
;

,.. -.
.

No flow- ~ ‘,

n!“—-- -. 7--—-

..-

,, . . .

.=
. .

I:7.L--2 -“:: ‘:::+. . ‘+ ‘.,

A
,.t..

‘ lx’.’-:?
Pj q = 1.93

P./p =6.95
Js ...

mF“” — =-d-
,.

,

&i!!i:;4,
P /p =17.65
]s

———- —

P /P =Ll? ‘
js

.

‘“’PJ/PS= 4.18 .
.

I)j /P~ = 9.26

Pj/Ps=38.14

L-85663

Figure5.-Schlieren photographs for first shroud (d/~ = 0.82) at vari-
-““‘–’”%fiq~dozzle;M = 1.62.ous jet pressure ratids.

JLtiwm



t’19

.

“.:<” ,.
,.” .. ,”,,

,, ’’:”. ‘ .-,,. ;
_ l%im’ id onfv (shnxd I)

}

-----------.02 - -
-. —----—.,

-. ——__ ~4 Rotios of secondary-.
—- —___

..- .06 ~fhto;ptiav ,,,; .,
., --———— D8 ~ fbw L ‘<

“’l+%+”” - ‘-----”’o ‘ “’”-’ ‘- ‘

,. . .. . .

.

—

—
6

>.. . Jet static-pressure mtio) ~. ~ -

—

hgure 6.- .Variationbf base press~e coefficient of second shroud
(d~~ = 0:~) with different values of priqayy jet pressure ratio

and secon&ry mass-flow ratio. sonic nozzle; M = 1.62, 1.93,
and 2.41. Arrows indicate base-pressure values for no primary
or secondary flow. .JE-”t.j’

,,. - ; ,.’ i t...’’.,. ‘1 .,,,f~:,:,, , ,-, , ...- < ..- , : ‘,
,.r,-.,’.!. ,“. . -’. .’1, 1.. ~’”.-,i ? :.>\ :”,’-_

T.

,,. . ..: -, -, ‘,’- ., ;:, .
,.. . .,”; b< “- :. t,~ .,

B&ii
L...L. ., ‘; 5 . ., i ~.f..‘..

—.— . . —



20

,,

‘.
.

.,

—-—.— — —

ltakr@9_-‘1 .
NACA RM L%122

..

Pfinmy j+t only (shmIxJ 1)

1

‘--------– ~; Rotios of semdory—.—.—-
—-- —-- 06 lmSSR)WtOpmOry
—-——— .~~ ITKISfkw
——-——.IoJ

08 -t

o

–.08

–.1 6

–24 .-

34 E8- 92 96 LOO
~..

.

a

.

.08

0

-08

–.1 6

–24
84 ,B8 92 96 I.(3O

08

0

–.08

–J 6

.-24
.84: 88 + !32 “$36” ““KM ~

. .
8rxiy”s%tion,+ ‘ ‘,

. ..- .- . . .
,. ..C. ~., -

B4 $8 92 .96 100 .

.84 EU3 !32 96 LOO

34 :88 92 96 ‘LOO
~.

&!dy Stoticn,~
,.

r. . . J.

(a) M = 1.62. ,,.,.

Figure 7.- Variation of boattail pressure coefficient on first shroud
(d/Qj = O. 82) for different values of prhary jet pressure ratio and

secondary mass-flow ratio. Sonic nozzle.



NACA RM L2122 2L

. n

o

–.08

.’ –.16

-.24

1
----’-------.02—-— -—- .04
— -----...06
- ---—--.08
——-——.10

Primary jet only (shroud 1)

Ratios of secondary
mms flow to primary
muss flow

“ .84 88 92 96 loo . 84 .88 $32 96 !.00
,,

0 -p
-+=753 --

-08 ‘“
- . .:

–.i 6

84 88 .92 96 100

08

0

–.08

,

–.1’6

4-

–24

P
+ =30:00“ “-

s
,“

/
/ /

-
/ ‘ / /

/f
/\ ./ // ‘

.

>,

$

i34 B8 92 96 1.00

Body statkn, + \
L.

pj. - -

~.= 54.67 /’
s, ‘ I’H ‘ z ~

f
I

/1 /
.- .- .-.

7 --
/ ,

..

..
.84” B8 92 .96 100

Body station,+

‘(b) M’= 1.93.’-

Figure 7.- Continued.

-—. - ..— . —.—- — .—-—. .—. .—



22

.08
-7 -

,- ‘“ o

. .
-Q8

–.1 6

.,. >
Primary jet only (shroud 1)

. --.. -.---=’~’z :

‘1

.~4..R’diesof secondary
‘--- ‘-- ~6 mass flow to primary—. -—-.
—. .-— --- :08 ‘S “ow
—— -—— .1

$.’w
s

. .“ ,

k .
--

-. --- -- / -.
. - d \

, ,
. . ,

OJ

1 . . ‘.84 .88 .9!? .96 100 ‘-”

+< .-...O

.: Pj
5,’ :+ =834

.-

8
> , P *

–.08”‘
s ,.,-

,.’
“.
r

j?

96.@- 88, 92, ~ . 100~.. ,1

u

.08

0

‘ –08

–.16
.84 88 .92 .96 1.00

130dystation,-&

>

- .-.

84 138 92 96 1.00

.

. .

.P ‘ ‘
; =Ia47 ~ #@-

\ . I fA
..+’

-.84 ’88 92 .96 100

,

, , , I , , 1 1 1

.
(C) M = 2.41.

84 88 ’92 .96 1.00
Body sfation,f ‘-

.,. ,.,’

.

Figure 7.- Concltied.



’23

:

P’
:LL:L, ,;’ ..— .—. ——

,+ -.2.

. .

‘ ;. ,- h

. . .

.- Ad ‘,:,-*:1” ‘- ‘
.’, ‘

No flow

Pj /PS = 4.65; w=O

q/~ = 4.65; W=.04

Figure 8.=
trating
Of 4.65

LVP = 4.65; w=.02
JS

P /P =4.65; W =.06
js

,.
.-

Pj /~= 4.65j’w=.08- P#jS ‘ 4.65; W =.10

L-85664
Schl!ieren-photograp&for first s~oud at ‘M = 1.62 illus.
floW mechanism ‘of‘sonicnozzle at”jet ‘“static-pressureratio
and vsrious secondary masstif>owratios.

&.-‘! “,._-4$+-

——--—_ ._. _ ___ — —.



-—. — .—————- ——— —

24

.08

0

-08

–.16

’24

a

p

ii
If

xii.-
. Prinwy jet only(shrcnd

I‘--------– ~; Ratius Ofwcnnhy—-—-—-
—-- —-- K16 KKSsfkw to primary
—- ——-— .08 - ‘w
—_-_.ioJ

84 88 92 96 00

08

0

-528

–.1 6

–24
84 S8 92 96 LOO

08

0

-.CB

–.1 6

–24

‘k4 38 92 96 Loo

Bxly wicnl,~

NACA RM L54E2

1)

.

84 38 92 96 Loo

.84 .88 92 .96 UXI

.84 B8 92 .96 Lw
Ehly statkQl,+

(a) M = 1.62.

Figure 9.- Variation of boattail pressure coefficient on second shroud
(d/~ = O.73) for different values of primry jet pressure ratio and
secondary mass-flow ratio. Sonic nozzle.



4V
NACA R.ML%122

&-- 25

m

-----------.02-
—-—-—- .04
— -- —-- .06
— --- —--- .08
——-——.10

,08

0

–.08

-J 6

–24
.84 .88 .92 .96 100

.08

0

’08

-.16

’24
34 38 92 .96 100

08

0

-.08

–.16

’24
34 138 92 96 100

8cKlysfofiOrJ,f

Primmy jei only (shroud1)
Rotictsof semndory
massflchvto primory
Kuss flow

34 88 92 96 100

.84 88 92 96 100

B4 38 92 96 100
Ebdy Stotion,+

(b) M = 1.93.

Figure 9.- Continued.

g -W

—— —— —..——



26 MACA RM L%122

a
+-
4
u=

ii

08

0

–.08

–d 6

1
--’--’ ----- .02
—-”—-—- .04
—--— -- ‘.06
A -– —--- .08
——-——.10

P
$ =[.10 -

s

.84 38 .92 96 ‘ 1.00

\
–08 - - T

–16.. -
84 .88 92-- I 96 1.00

\

. -,

.,
.08 p .

1==4 _
-P

o “s - - r<
)

–.08
/

–.1 6
,

.84 88 92 .96 100

Ekxly s$gtion, ~ L

Primary jet only (shroud I)

Ratics of secandary
,~ ~,~wto primary

(c)” .M= 2.41.

Pj
g— =26.4

A
3

\ ,
\ \

84 138 92- .96- 1.00
.,

1, .!- /

-‘+=?4”4,/’
/
/---
/

— y
/

/,/
/ ,,

7v

34 3,8 ,92 ’96 1.00

@!y’stifion,+

Figure 9.- Concluded.



NACA FM L@t122 Nii>
. . ,,..= 27

No flow

P./P = 3. IO; W.O
JS

P.-1P =3.10; W=.02
]s

p/P =3.10; w =04
JS

p/P = 3.[o; W=.08
JS

Figure 10.- Schlieren photographs

Pj/p5=3. io; W=.lo

L-85665
for second shroud at M . 1.62 il.lus-

trating flow mechanism of sonic nozzle at jet static-pressureratio
of 3.10 together with various secogdary mass-flow ratios.

—- ——— — ____



—.—..— .—. —— . .. —- —.. .—

28

_ Primory jet ordy(shroud 1)

I
----.––-..02
—— ___ .04 M@ C# Seccmdory
______ .06 moss flowto prtrl’mry
—--- —--- .138 moss flow
——-——.10

.

Jet Stotic-pressure ti-O, ~

Figure Il.- Variation of base pressure coefficient of first shroud
(d/~ = O.82) with different values of primary jet pressure ratio

and secondary mass-flow ratio. Supersonic nozzle; M = 1.62, 1.93,
and 2.41. Arrows indicate base-pressure values for no primary or
secondary flow.

.



NACA RM L~122
%~ -

.
u .-. +’-,-

29

P“
,,+’ - ‘-”’ -

.“
.

A.,& ,,--,-
No flow

Pj l% =0.54

Pj/Ps =0.48 .

Pj/P~ =0-88

1.........-L;’ :.!;

J

‘-.,“:’”“- 1:-:’--’’’
‘. /’”. . , J

P 1P
js

= I .44

.. +

1

Pj /Ps = 2.35
——.._—

Figure 12. -
Ous

Scblieren photographs
jet pressure ratios.

t_A-._-.. _-.’L._._. :-l
Pj/Ps = 1.90

L____
/,

‘-./.
‘.

—— --
—---- .

;.’”-’ ‘ ‘“‘, -:

.. /
‘\ ‘~, - ‘.

f’j@ ’256

L-85666
for ftist shroud (d~ = O.82) at vari-

Swersonic nozzle; M = 1.62.

—-. . .—. -._____ __



30

_.—-

NACA RM L~122

Primary jet only (shroud I )

J
--––––-.02
—.——— 04 Ratios of secondary”
—.. —.- jo6 mass f,fowto primary
‘---------~ mass flaw
——-— —.

—

Jet static-pressure ratio, ~

Figure 13. - Variatioriof base pressure coefficient of second shroud
(d/~ = o.~) with different values of prq jet press~e ratio

and secondary mss-flow ratio. Supersonic nozzle; M = 1.62, 1.93,
and 2.41. Arrows indicate base-pressure values for no primary or
secondaiy flow.



NACA RMi%Z22

—..

1
Primmy jet only (shroud 1)_... -----– ~~ R~@OfS_~OW

—- —___
—-: --- .06 - ‘h b p~IW’—____ .08 _ fbw

.IOJ——___
LJ8

2

0

–.08-
,

-J6

– 94

n

,-

- ‘.84 88 .92 .96 100 .84 .88 92 .96 03

.08

0
f.

-03

–.16

-94—.
84 88 92 96 100

.08

0

’08

-.16

’24
34 88 - “92 96 Loo

.84 88 92 .96 103
,-.. ,

34 .88 92 , 96 LOO

My sfotb,-f-
<>

31

., .
‘1: L ,

(a) M = 1.62. “’ ‘:’ ‘

Figure 14.- Variation of boattail pressure coefficient on first shroud
(d/I@ = O.82) for different values of prtiry jet pressure ratio and

secondary mass-flow ratio. Supersoni.c;no2~iq1.,

—.—-— ——-—-—-— —.-—



32

.— .— . _.— ._. — ...-

0-

NACA RM L%122

1
Primary jet only (shroud i)

---------- .~~ R~os Of St?COn@ry
—.— ___
—--— -. & _ f[ow b pflma~
—-—— --- :!: - f’ow
—— -——

f34 i38 92 96 LOO

o
P
; = .90
s

–.08
\

–.1 6
k .

A

–24

.84 B8 92 96 LOO

B4 B8 92 96 LOO

B@ Stafion,f

Pj

F?s
= .63

\

/.
\ _

B4 88 92 96 1.00

8ody Staticn,~

(b) M = 1.93.

Figure 14. - Continued.

k~



NACA RM L54122 33

a-

.08

0

–.08

-Icl

- Primary jet only (shroud 1)

1--‘--------~~ Ratkx of secondary—.— -—-
— --— -- .06 rnms flow to primary
—---— --- .08 ~ss flow

——-——.io]

.1 u
.84 88 92 96 Loo

.08

0

-08

–.1 6
’84 38 .92 .96 1.00

.08

0

–.08

–.1 6
.84 88 92 .96 100

Body station,~

34 .88 92 96 1.00

.84 38 92 96 I.00

%dy sMOn, ~

(C) M = 2.41.

Figure 14.- Concluded.

—— —- _.— .—. —.. —-- — -.



Y+

_.-_ —.—_— -.—. -.

hi-“1 -

No flow

NACA RM L54122

.

P /P =0.76; W = O
js

p /P =0.68; W=.04
js

p /P =0.(58; w=.06
]s

L-85667
Figure 15.- Schlieren photographs for first shroud at M = 1.62 illust-

rating flaw mechanism of supersonic nozzle together with various
secondary mass-flow ratios.



NACA RM L%122 35

Q

)
PrirncYy jetonly (Stlrcud1)

---------– t): ~mofmdq

—. —---

—----- .06 - “W b ~M~—______ .08 _ fh
—— -——.I OJ

08

0

-.08

‘J 6

’24
J34 88 .92 96 103

.08

0

-08

–.16

’24

34 J38 92 96 I.00

08

0

–.08

-J6

-24—
:84 88 92 .96 100

Body .stutkm, ~

84 88 .92 96 Loo

84 38 92 96 100

.84 J38 92 96 l.CO
EkKfystatbl,~

(a) M = 1.62.

Figure 16.- Variation of boattail pressure coefficient on second shroud
(d/~ = O.fi) for different values of primary jet pressure ratio and

secondary mass-flow ratio. Supersonic nozile.

.—. — . ..— . — -- — —



36

0

–08

–.16

’24

_.__— — .. -.-—

&~ N.ACARM L54122

Primary jet only (shroud 1)

1

_ ---------- ~1 R~@ of s=dav
—-— ___
—- —--- .06 ~ flow b pflma~
—____ ___ .Og - flow
.— -——.1 UJ

P.

~ = .46

\ \
\ _

I
L,

84 138 92 96 1.00

0
Pj

Ps
= .92

–.08
.

–4 6

–24
34 .88 92 96 1.00

1

84 88 92 !36 1.00

My station,~

84 138 92 .96 1.00

.84 88 92 .96 100

(b) M = 1.93.

Fi&e 16. - cmtin~d.

84 .88 92 96 1.00

8ody Staiian,f

—



NACA RM L~122

.08

0

–.08

–.1 6

Primary jet only (shroud 1)

1

___________ .02 R~w of S~d(I~

—-—-—- .04oG ~ flow to pnma~

— ‘- —-- :08 m ‘tow—. --— ---
—— -—— .1OJ

CL .08
+.
c
:5 0

5

E! -08

$
& –.1 6

B4 138 92 96 1.00

84 .88 92 96 LOO

.08

0

-08

–.1 6
84 .88 “92 96 1.00

Body station,~

37

.84 .88 .92 ..96 100

P“
P4‘ L94
s

\
\ \ *

84 88 92 96 LOO

:84 .88 ‘.92 .96 100

Body stathn, +

(c) M = 2.41.

Figure 16. - concluded.

~~. -1-wS=%.-y.

.. —.. —. _ —-—— .—-z .—z. — .—.-—_



38

—. —.. . . .. ———

NACA RM L54122

No flow

p./P = 0.92, w=.02
JS

P /P =0.92;w=.04
js

Pj /Ps =Q92; W =.06

P 1P =0,92;w =,08
]s

p. /P = o,gz; W = .[0
JS

L-85668 -
Figure 17. - Schlieren photographs for second shroud at M = 1.62 illus-

trating flow mechanism of supersonic nozzle together with various ~ .
secondary mass-flow ratios.



S-lRxldl Yrald2

I

.08

0

-08 •E
o

–.08

-.16

m

o

-.08

–.16 B 4

Seconckry totol-prefisure ratio, &

Figure 18. - Variation of baBe pressure cmfflcient of both shrouds with
different values of secon@ Imtal-pressure ratio at free-stream
hiach m.mioers of 1.62, 1.95, and 2.41.

‘i

$!

f
1



40

.—— ——. ---——

MACA RM L54122

No flow

H/g =1.04
H/pS = 1.07

H/PS =250

Fkigure 19. - Schlieren
Ous

L-85669
photographs at M = 1.62 for first shroud at vari-
secondary total-pressure ratios.

. —_—..



.—

6V

CL

0

,08

r l\

5

gop~mvw~ .
--------- .

0 -—-— . r%
‘--—--—-1:83 E

--- —---–$$g g
–.08

b
,1 i

‘J 6 (b) M=I.93.
* y’<./~..,~ k t,

‘2484 88 92 96 ~,00 1’
84 88 92 96 ~)o

.08
‘----––- - .73

Nc#Jn$rg

—-—-—-- 1.01—–—--—231, &“
o

‘ :~---~-~ U# !
– --- ——20.

–.08
* Y‘ - h

\ (d h!=2.41. T ~

‘j 6
134 .88 .92 96 1.00 84 88 92

I%dy sfuticm, ~
Loo

My stO#ion,~.-

Figure 20. - Effects of secon~ mass flow on pressure distributions of
both shrouds at M = 1.62, 1.93, ad 2.41.

NACA-_ - u+54 - gs~

.—— —— —- — —-—— ——___


